Entry point a b s t r a c t Objective: To assess feasibility and accuracy of a new insertion technique of S1 transpedicular screw.
Introduction
Pedicle screw fixation is the mainstay of stabilization in the thoracolumbar spine [1] [2] [3] [4] . The technique requires the proper identification of entry-point followed by finding the optimal trajectory in order to achieve sufficient mechanical strength and structural risk minimization. In particular, fixation to the S1 vertebra seems to be technically demanding due to the lack of clear anatomical landmarks, such as transverse process.
In the current literature, the most widely recommended technique places the entry-point beneath and slightly lateral to the superior facet of the sacrum [5] [6] [7] [8] [9] . Other modifications to improve the stability make use of additional support points, such as the inclusion of the S2 vertebra. Some authors recommend perforation of the S1 superior end-plate by the screw apex [10, 11] .
In this work, another method is proposed, which moves the starting point from beneath and lateral to the superior facet to a more medial and rostral position, so that the starting point passes through the lower part of the superior facet rim of S1 after its partial removal (Fig. 1b) [12] . A rationale for the modification has been presented, with safety considerations regarding possible neural damage based on the anthropometric studies and quality of the bone tissue [9] . The key advantages of the new approach are: (1) unambiguous entry point definition, and (2) placing the screws within the superior S1 facet that enhances the purchase within the cortical bone, thus improving the mechanical strength. Theoretical foundations of the new technique have been laid out in an earlier study [13] .
The aim of this study was to analyze the radiological parameters of the new technique of placing the S1 screw and comparing them with the classical method.
Materials and methods
The assessment of the classical and modified techniques comprised of two parts. The first part of the analysis was performed with cadaver specimens (cadaver analysis: CA) with implanted transpedicular screws. The second part was a computed tomography (CT) morphometric analysis of simulated transpedicular screw placement on a casual sample of patients who underwent CT for spinal problems (intact sacrum image analysis: ISIA). In this part of the analysis, the presentation of the screws was superimposed over the relevant images.
Ethical statement
Written informed consents were obtained from the donors (CA) and alive participants (ISIA). The study was approved by the Bioethics Committee on 13 June 2013 (Reference no. 514/13). Eight specimens of cadaver sacral bone were used. The mean age at death was 73 years (range = 70-85 years). The specimens were from three males and five females. In each specimen, two transpedicular screws of 6 mm in diameter were introduced into the S1. The screws on the left side were introduced according to the classical technique as described by Morse et al. [14] . On the right side, the screws were introduced using the modified technique [12] , i.e., the screw was inserted into S1 through the superior facet at the rim of the articular surface after its partial removal. After implantation, CT scans of the specimens were performed (Fig. 2a-c) . In the analysis, we took the following measurements in the transverse plane:
(1) The length of contact of the screws with the posterior cortex on both the lateral and medial sides. The contact length was defined as the section of the screw surface adjoining to the posterior cortex. (2) Screw convergence angle with respect to the midline. (3) Least distance between the closest part of the screw and the spinal canal.
In the sagittal reconstruction, we measured: (1) The angle between the screw and the superior S1 end-plate; and (2) The distance of the screw thread ends, dorsal and ventral, to the superior S1 end-plate. Dorsal screw thread end was defined as the entry point into the sagittal plane.
ISIA scans were acquired from 50 (28 females and 22 males) consecutive patients who had degenerative disk disease of the lumbar spine with no history of operative treatment. The age range was 36-71 years. Among the scans performed in the transverse plane, we selected two scans that represented the entry point for S1 transpedicular screws, according to both the classical and modified techniques. After calibration of the absolute length on both sides, we superimposed a parallelogram on the selected scans that represented transpedicular screws perforating the dorsal cortical layer at a 308 convergence to the midline ( Fig. 3a and b) . The selection of the CT Fig. 1 -Presentation of the differences in starting points for the classical (a) and modified (b) techniques (red lineposterior border of the superior S1 facet, blue lineresection of the inferior L5 facet, black circumferencelimited osteotomy site). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) layers for screw superimposition experienced in the spine surgery was collectively performed. The screws were presented as rectangles corresponding to a screw diameter of 6 mm. In the analysis, we measured the part of the circumference of the parallelogram crossing the posterior cortex, representing the contact length of the screw representations with the posterior cortex, on both the lateral and medial sides for the classical as well as modified techniques.
We calculated the contact area between the screw and posterior cortex for both the techniques. During the calculation, 
the absolute average lengths of lateral and medial contact needed for the determination of the cylinder height representing the contact surface between the screw and posterior cortex were excluded. In measurements, the medial contact length was found to be dominant. We decided to use a weighted average, in which the cranial and caudal contact lengths were assumed to be equal to the contact length at the lateral aspect.
Measurement tools
Measurements were performed on DICOM digital images with RadiAnt Dicom Viewer (Medixant, Poland). The measurement error of the tool was 0.1 mm.
Statistical analysis
To evaluate differences between the techniques in the CA group, we used the Mann-Whitney U-test. Student's t-test for dependent data was performed to compare the contact lengths and contact surface area for the classical and modified techniques in the ISIA group. Statistical significance was set to p < 0.05. Statistical software Statsoft (Tulsa, USA) was used.
Results

Cadaver analysis
The mean length of contact between the screw and dorsal cortex on the medial aspect was 5. ) for the classical technique. The difference between the two techniques was found to be statistically significant ( p = 0.006). The contact area between the screw and posterior cortex of S1 was 61% greater in the modified technique.
The trajectory measurements of the screw are presented in Table 1 . The mean convergence angle with respect to the midline for screws introduced with the modified technique was 24.68 (median 24.68, range 16.8-35.68).
For the classical technique, the mean convergence angle was 23.78 (median 23.28, range 19.5-7.88). The difference between the two techniques was not statistically significant ( p = 0.35). The mean distance of the screw from the spinal canal with the modified technique was 3.59 mm (median 2.59 mm, range 1.3-8.7 mm). For the classical technique, the mean distance from the spinal canal was 7.0 mm (median 7.1 mm, range 1.4-17.9 mm). The difference between the two techniques was not statistically significant ( p = 0.06).
With the modified technique, the mean distance of the entry point from the superior S1 end-plate was 9.7 mm (median 8.9 mm, range 3.4-16.2 mm). With the classical technique, the mean distance of the entry point from the superior S1 end-plate was 14.8 mm (median 15.0 mm, range 8.9-20.8 mm). With the modified technique, the mean distance of the screw tip from the superior S1 end-plate was 7.23 mm (median 6.4, range 3.3-13.6 mm). With the classical technique, the mean distance of the screw tip from the superior S1 endplate was 6.7 mm (median 6.1 mm, range 5-11.9 mm). With the modified technique, the mean angle between the screw and superior end-plate was 5.48 of cranial orientation (median 2.78, range 0-15.58). The mean angle between the screw and superior end-plate with the classical technique was greater, at 9.868 of cranial orientation (median 8.9, range 0-19.88). The differences were not statistically significant ( p = 0.16).
Intact sacrum image analysis
The mean length of the contact between the screw and dorsal cortex on the medial aspect of the screw was 6.6 mm (SD 5.9 mm) for the modified technique, and 3.9 mm (SD 2.8 mm) for the classical technique. The mean length of contact between the screw and dorsal cortex on the lateral aspect was 4.3 mm (SD 2.7 mm) for the modified technique, and 1.9 mm (SD 0.7 mm) for the classical technique. The differences in the contact length (measured separately for the medial and lateral sides) between the two techniques were found to be statistically significant. ) for the classical technique. The contact area was 2.5 times greater with the modified technique, and the difference between the two techniques was found to be statistically significant.
Discussion
Although several radiological analyses have been performed for transpedicular screws, they only investigated the accuracy of the screw placement with respect to the sacral canal or anterior cortex perforation and iliac crest conflict [8, 15, 16] . To the best of our knowledge, no studies so far have evaluated the radiological parameters of the bone in the proximity of the screw, although these parameters are known to influence the stability of the fixation. The morphometric analysis used in this study is similar to those previously performed to evaluate other modifications [17] . We performed the analysis with two different groups to compare the analytical methods as well as obtained complementary data for convincing conclusions. In the case of cadaver group, we were able to observe the actual screw trajectory, which can change as the result of potential anatomical determinants. In the CA group, accurate measurements of the cortex adjacent to the screw shaft were impaired due to reflections produced by the metal implants and by the adjustments that were made to the imaging to allow for clear visualization of the anatomy. In addition, it is possible that the posterior cortex could have been mechanically modified by the implantation process. Potential differences between the CA and ISIA groups may also have been influenced by the different age spans of the two groups.
There were also possible limitations with respect to the ISIA group analysis. In the ISIA group, images representing the screws were superimposed arbitrarily by orthopedic surgeons over plain CT scans that represented the entry point levels. Although the surgeons were familiar with the radiological images, we cannot be sure that intraoperative recognition of the 3D anatomy was transferred without error to the CT scans. Further, in the CA group, we had threaded implants, while in the ISIA group, the screws were represented by regular rectangles. In our opinion, comparing the results from the two groups improved the strength of the analysis.
Analyses of both the CA and ISIA groups confirmed that the contact length between the screw and posterior cortex was greater in the modified technique. Consequently, the calculated anchoring surface area in the posterior cortex was higher with the modified technique by 160-250% compared to the classical technique. This improved the purchase of screw with the posterior cortex of the sacrum that aims at decreasing the risk of both the bone fracture and loosened implants.
The increase in the cortical thickness is related to the anatomical characteristics, as presented by Richards et al. [18] , who showed an increased density of the posterior cortex in the medial direction. It should be noted that with the modified technique, the starting point in S1 is such that the screw passes through the superior facet, which may be altered by the osteoarthritic changes commonly observed in the degenerative diseases (e.g., spur formation). Additionally, in modified technique, posterior cortex forms the ''sleeve'' adhering to the dorsal thread (Fig. 2c) causing an increase in the contact area, where in the classical technique screw and cortex are oriented almost perpendicularly (Fig. 2b) .
In the CA group, we were able to analyze the screw trajectory with both the modified and classical techniques. The main feature of the modified technique was that the entry point was located more medially and caudally compared to the 
classical technique. Although a previously published evidence-based analysis confirmed the safety of the modification [12] , it could pose a higher risk of perforating the spinal canal, with the possible neurological sequel. However, in our analysis, we observed no perforations of the neural canal, although the screws did tend to pass closer to it in the modified technique as compared to the classical technique. The convergence angle of the two techniques did not differ significantly. The optimal sacral pedicle anteromedial screw trajectory angle proposed by Arman et al. was recorded as 33.808 AE 4.348 [19] . With both methods, in most of the cases, we did not obtain the ideal convergence angle proposed in the literature. In our analysis, we observed that moving the starting point more medially did not influence the convergence angle. Interestingly, the upper distance of the convergence angle was observed to be greater with the modified technique. In some cases, as we analyzed the implantation procedure with the classical technique, introduction of the screw with more lateral entry point was obstructed by the posterior part of the iliac wing forcing a steeper screw placement [20] . Thus, a medial shift of the entry point allowed more freedom with respect to the convergence angle selection.
It is important to mention that the reference anatomy analysis performed by Arman et al. [19] was on sacra prepared at the sacroiliac joints, without considering the anatomy of the iliac wings.
Modification of the starting point also did not seem to be significantly influenced by the screw trajectory in the sagittal plane. Having the starting point closer to the end-plate allowed for a more-shallow screw trajectory with respect to the superior S1 end-plate, with the tip of the screws located at a similar position in the two groups. A screw path closer to the S1 end-plate may influence the stability of the screw as it passes through the trabecular bone of higher density [21] .
Conclusions
Our analysis showed that with the modified technique for S1 screw implantation, there is a 1.6-2.5-fold greater surface area of contact between the screw and posterior cortex of S1. We found that the starting point modification does not alter the screw trajectory and does not pose a higher risk of spinal canal perforation.
